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Abstract – Sessile animals that live on the foreshore undergo tidal cycles, and have to face variations in physical and
chemical parameters such as oxygen concentration. During emersion, availability of dissolved oxygen can be lowered
for bivalves, which have only a small reserve of seawater inside their closed shell. Differences in oxygen concentration
are thus expected to lead to modifications of the metabolism, including changes in mitochondrial activity. Previous
studies investigated air exposure under extreme conditions, which do not always reflect environmental conditions these
invertebrates have to cope with. In this study, oxidative capacities of gill mitochondria of the oyster Crassostrea gigas
were studied during a tidal cycle period, by comparing oysters collected after emersion and immersion. Only minor
differences were found in state 3 (oxidative phosphorylation) or state 4 (non-phosphorylating oxygen consumption)
rates between the two conditions. Similarly, no difference was observed in cytochrome c oxidase activity or in oxygen
consumption related to maximal electron flux through complexes I-IV, II-IV and IV. While capacities of substrate
oxidation were maintained in both emersion and immersion conditions, capacity of mitochondria to produce adenosine
triphosphate (ATP) was significantly lower in oysters sampled during emersion. These results suggest that although
C. gigas could maintain aerobic metabolism during emersion period within a tidal cycle in its environment, energy
producing mechanisms are affected.
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1 Introduction
Sessile organisms inhabiting the intertidal zone such as bi-
valves have to cope with variations in physical and chemical
parameters in their environment, especially because of tidal
cycles. Periodical oxygen fluctuations are an important envi-
ronmental stressor in intertidal and coastal habitats. Benthic
sessile animals face large variations in oxygen concentration
between emersion and immersion phases. Bivalves, which are
filter feeders animals, open their shells during immersion to
filter water and take up oxygen directly from the seawater.
During emersion, the amount of dissolved oxygen available
decreases because bivalves have only a small reserve of seawa-
ter in their pallial cavity, as they close shell valves to prevent
desiccation (Newell 1979; Grieshaber et al. 1994).
Intertidal molluscs are hypoxia-tolerant animals success-
fully dealing with fluctuating oxygen levels with a suite of
physiological, biochemical and metabolic adaptations. Major
effects of air exposure reported in bivalves are reduced
a Corresponding author: Edouard.Kraffe@univ-brest.fr
oxygen uptake (Coleman 1973; Widdows et al. 1979; Mingoa-
Licuanan 1993; Huang and Newell 2002), decreased hemo-
cyte number and activity as well as reduced hemolymph
pH (Pampanin et al. 2002; Allen and Burnett 2008), alter-
ations of lysosomal membrane integrity in hemocytes (Zhang
et al. 2006). Air exposure also affects metabolism leading
to accumulation of anaerobic endproducts (Michaelidis et al.
2005), altered activities of antioxidant enzymes, increased lev-
els of lipid peroxidation and DNA damage (Almeida et al.
2005), and reduced adenosine triphosphate (ATP) concen-
tration (Wijsman 1976; Widdows et al. 1979; Nicchitta and
Ellington 1983; Moal et al. 1989; Sukhotin and Pörtner 1999).
While emersion could result in major variations in oxygen
concentration of the seawater reserve within the pallial cav-
ity, some bivalves can take up oxygen from the air thanks to
shell gaping (Lent 1968). The intensity of shell gaping can
vary among species and can explain differences in aerial rate of
oxygen consumption (Widdows et al. 1979; Rafrafi and Uglow
2009). Rafrafi and Uglow (2009) showed lower weight loss
and lower succinate accumulation in oysters Crassostrea gi-
gas placed in emersion under humid air, as compared to those
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placed under nitrogen atmosphere. This indicated that oxygen
uptake can be possible by air-gaping during emersion and that
gaping behaviour adopted by oysters under air exposure could
limit transition from aerobic to anaerobic metabolism. Such
phenomenon would allow some intertidal bivalves to main-
tain ∼40% of immersed metabolism when emersed (Shick
et al. 1988).
The Pacific oyster C. gigas is a facultative anaerobe inhab-
iting intertidal area and capable of surviving prolonged periods
with no or low oxygen. Oysters can detect fluctuations of am-
bient oxygen levels and show a high metabolic plasticity in
response to these fluctuations (Le Moullac et al. 2007; Rafrafi
and Uglow 2009). Among the biochemical mechanisms that
drive metabolic controls, mitochondria play critical roles and
show important plasticity in oysters which could allow cop-
ing with sharp oxygen fluctuations (Kurochkin et al. 2009;
Sussarellu et al. 2013).
An important limitation of some of the earlier studies is
that bivalves have been subjected to unrealistic conditions of
exposure to air which did not reflect situations that bivalves
have to face in their natural environment. To prevent oxygen
uptake from air-gaping, some authors have closed oyster shells
with a rubber band and duration of the oxygen-limiting/anoxia
conditions were reaching several days which is more typi-
cal of the long-term hypoxia in coastal “dead zones” but far
exceeds the typical duration of tidal cycle (Kurochkin et al.
2009; Ivanina et al. 2010a; Ivanina et al. 2010b; Piontkivska
et al. 2011). Modifications of mitochondrial functional capac-
ities during air exposure in a natural tidal cycle have not been
extensively studied in oysters or other bivalves.
The present study aimed to investigate responses of oyster
mitochondria to oxygen variability upon emersion and immer-
sion periods during a natural tidal cycle. Respiratory capacities
and maximal oxygen consumption due to flux through elec-
tron transport chain (ETC) complexes, as well as ATP produc-
tion capacities were measured in isolated gill mitochondria and
compared in animals sampled in the field after tidal immersion
and emersion periods.
2 Materials and methods
All chemicals were purchased from Sigma (Saint Quentin
Fallavier, France), except otherwise mentioned.
2.1 Experimental procedures
Adult Pacific oysters Crassostrea gigas, of 6 to 11 cm shell
length (8.5 ± 0.2, mean value ± standard error) were collected
on January 2012 on a site named “Grand Dellec” (48◦ 21′N,
4◦ 34′W), located ∼10 min from the laboratory. Water temper-
ature was 12 ◦C. Eighty oysters, still cemented to their rock,
were moved and placed in the intertidal zone where they would
undergo about 4 h of immersion and 8 h of emersion. This
corresponded to the upper limit of oysters’ distribution on the
intertidal zone, with a maximum emersion time for the oys-
ters at this site. After four weeks, oysters were opened and
dissected on-the-spot at the end of immersion or emersion pe-
riods. Samplings were conducted within a week, 3 days for
emersion period and 2 days for immersion period. Fifteen oys-
ters per day were sampled, divided into 3 pools of 5 oysters.
Gills were excised, transferred into 50 ml plastic tubes held on
ice and immediately brought to the laboratory for subsequent
preparation of mitochondrial suspension. Gill pools contained
in average 3.2 ± 0.2 g of gill tissue.
2.2 Mitochondrial analysis
Gills were chosen for isolation of mitochondria because
they represent major sites of oxygen uptake and have important
metabolic function in regulating ion exchange (Sokolova et al.
2005; Piontkivska et al. 2011).
Isolation of mitochondria
Procedures of mitochondria isolation and assays were
adapted from Kraffe et al. (2008). All manipulations were car-
ried out on ice and centrifugations were performed at 4 ◦C,
taking about 1 h to be completed. Oyster gills were dried
with paper towels, weighted, and initially chopped with scis-
sors and rinsed two times on 80 µm mesh with 2 ml of iso-
lation buffer containing 300 mM sucrose, 30 mM HEPES,
100 mM KCl, 8 mM EGTA and 1% of protease inhibitor cock-
tail (Sigma), pH 7.5. On the day of the experiment, 0.5% fatty
acid-free bovine serum albumin (BSA) was added to the buffer.
The minced gills were then homogenized with three series of
three passes in a motorised Potter tissue grinder (Heidolph,
Kelheim, Germany) with a loosely fitting pestle, in 10 vol-
umes of ice-cold isolation buffer. The homogenate was cen-
trifuged at 900 × g at 4 ◦C for 10 min. The supernatant was
collected, filtered on 80 µm mesh, and again centrifuged at
900 × g at 4 ◦C for 10 min. The resulting supernatant, con-
sidered free of unbroken cells or cell debris, was centrifuged
at 10 000 × g. The mitochondrial pellet was re-suspended in
reaction buffer (400 mM sucrose, 10 mM KH2PO4, 30 mM
HEPES, 90 mM KCl, 50 mM taurine, 50 mM β-alanine, pH
7.5, with 0.5% fatty acid-free BSA added on the day of the ex-
periment), corresponding to one-tenth of the mass of gill used
(i.e. 100 µl of buffer per each gram of gill tissue used for isola-
tion), and oxygen uptake and ATP production were measured
immediately on the fresh mitochondrial preparations. A sub-
sample was stored at –80 ◦C for subsequent assays of enzy-
matic activities.
Measurement of oxygen consumption
Mitochondrial oxygen consumption was measured po-
larographically using a water-jacketed O2 monitoring system
(Qubit System, Kingston, Ontario, Canada). Temperature was
controlled at 10–11 ◦C by a circulating refrigerated water
bath. The oxygen probes were calibrated with air-saturated
reaction buffer and corrected for assay temperature and lo-
cal atmospheric pressure. For each assay, around 0.8 mg of
mitochondrial protein (40 µl mitochondrial preparation) was
added to 0.4 ml reaction buffer containing 400 mM sucrose,
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30 mM HEPES, 90 mM KCl, 10 mM KH2PO4, 50 mM tau-
rine and 50 mM β-alanine, pH 7.5. On the day of the exper-
iment, 0.5% BSA was added to the assay medium. For mea-
surement of maximal oxidative capacities, glutamate (40 mM)
or succinate (20 mM) was added to fuel oxygen consumption
through complex I or II, respectively. The maximal respiration
rate (state 3) was obtained after addition of adenosine diphos-
phate (ADP) to a final concentration of 600 µM. Preliminary
experiments showed that glutamate alone stimulates respira-
tion through complex I as previously found in Crassostrea vir-
ginica (Burcham et al. 1983). Our pilot studies also showed
that 40 mM for glutamate and 20 mM for succinate are satu-
rating concentrations under the assay conditions of this study
(data not shown). Non-phosphorylating oxygen consumption
(state 4) rate was measured after adenosine diphosphate (ADP)
depletion. Subsequently, 6.3 µg ml−1 oligomycin (final con-
centration), an inhibitor of the FoF1-ATP synthase, was added
to evaluate oxygen consumption in the absence of oxidative
phosphorylation (state 4oligo) (Nesci et al. 2012). Each mea-
surement was performed in duplicates. Respiratory control ra-
tio (RCR) was defined as the ratio between state 3 and state 4.
Oxidative phosphorylation efficiency (relation between ADP
added and oxygen consumption) was calculated with ADP/O
ratio according to Estabrook (1967).
Polarographic assessment of maximal flux through electron
transport chain (ETC) complexes
Oxygen consumption related to maximal electron flux
through complexes I-IV, II-IV and IV was measured polaro-
graphically on the day of mitochondrial isolation using the
same water-jacketed O2 monitoring system. Temperature was
also controlled at 10–11 ◦C. For these measurements, around
0.8 mg of mitochondrial protein (40 µl mitochondrial prepa-
ration) was added to 0.4 ml of the reaction buffer. Oxygen
consumption related to electron flux through various segments
of the ETC was assessed using specific chemical inhibitors
(Fig. 1).
Carbonyl cyanide m-chlorophenyl hydrazone (CCCP,
20 µM) was used to uncouple mitochondrial respiration from
ATP production providing maximal electrons flux capacity
through the ETC complexes (Oellermann et al. 2012). CCCP
disrupts mitochondrial membrane potential via stimulation of
proton leak, but does not directly affect the substrate oxidation
of the ETC (Ivanina et al. 2012). No ADP was added for these
measurements. Oxygen consumption due to flux through com-
plexes I-IV was estimated from oxidation rates of glutamate
(40 mM).
After steady state rates were obtained, rotenone (2 µg ml−1)
was added to the chamber to inhibit complex I, and subse-
quently succinate (20 mM) was added to stimulate flux through
complexes II-IV.
Malonate (1 mg ml−1) was then added to inhibit complex
II, and ascorbate (10 mM) and N, N, N′, N′-tetramethyl-p-
phenylene-diamine (TMPD, 2 mM) were added to determine
flux through complex IV cytochrome c oxidase (CCO) (Martin
et al. 2012). Adding potassium cyanide, KCN (32 µg ml−1)














Fig. 1. Respiratory profile of mitochondria isolated from gill tissue of
Crassostrea gigas in response to substrate or inhibitor additions. Glu-
tamate, succinate and a mixture of ascorbate + TMPD allow to mea-
sure oxygen consumption related to maximal electron flux through
complexes I-IV, II-IV and IV, respectively. Rotenone, malonate and
KCN are specific inhibitors of complexes I, II and IV, respectively.
that no auto-oxidation of TMPD occurred in the presence of
ascorbate.
2.3 ATP production
ATP production was determined using the ATP lumines-
cent assay (ATP LITE-M 300 Assay Kit, 6016943 Perkin
Elmer). Mitochondrial suspensions held on ice were firstly
pre-incubated for 1 min with or without 10 mM malonate in
Eppendorf vials. Subsequently, 20 mM succinate was added.
We used malonate as a specific inhibitor of complex II. Titra-
tion with malonate leads to an inhibition of mitochondrial
membrane potential (∆ψm, the driving force of ATP synthe-
sis through FoF1-ATP synthase) via inhibition of the substrate
oxidation subsystem (complex II) but does not affect phospho-
rylation subsystems (Hinkle et al. 1991; Ivanina et al. 2012).
We found a >90% of inhibition of oxygen consumption under
state 3 (ADP 0.6 mM) for malonate (10 mM) in mitochondrial
preparations when succinate 20 mM was used as substrate.
Subsequently, in a 96-well microplate, 100 µl of mito-
chondrial suspensions (with or without malonate) was added
to 50 µl of reaction buffer and to 50 µl of substrate solution
provided with the assay Kit. Luminescence was first read at
25 ◦C every 2 min for 8 min to confirm the absence of ATP
production at this step, then ADP (0.6 mM) was added to start
oxidative phosphorylation and luminescence was read every
50 s for 15 min. In order to convert relative luminescence units
252 T. Dudognon et al.: Aquat. Living Resour. 26, 249–256 (2013)
into ATP contents, a calibration curve of ATP was constructed
by preparing a series of dilutions of a stock solution furnished
with the assay kit, except that mammalian cell lysis solution
was replaced by mitochondrial reaction buffer. The calibration
curve was linear in the range of ATP concentrations tested and
ATP levels were determined by interpolation from the calibra-
tion curve. All assays (standard curve and samples) were run
in triplicates. ATP production rate of the samples was deter-
mined after ADP addition in the linear part of the curve. The
ATP production rate measured without malonate referred to
total ATP production and was determined per milligram of mi-
tochondrial proteins per minutes. The remaining ATP produc-
tion in the presence of malonate was defined as non-FoF1-ATP
synthase related mechanisms, and corresponds to ATP produc-
tion by other mitochondrial or non-mitochondrial contaminant
ATP-producing systems. The ATP production through oxida-
tive phosphorylation was determined as the difference between
total ATP production rate and non-FoF1-ATP synthase related
ATP production rate.
2.4 Enzymatic activities
Cytochrome c oxidase activity was measured in mitochon-
drial preparations according to Bouchard and Guderley (2003)
and from Kraffe et al. (2008). Mitochondrial preparations were
submitted to two cycles of freezing and thawing. The dis-
rupted mitochondria were diluted in the assay buffer contain-
ing NaH2PO4 and Na2HPO4 50 mM pH 7.8 at 25 ◦C. Bovine
cytochrome c (cyt c C2037 Sigma) was employed as substrate
to stimulate maximal CCO activity. Reduced cyt c solution
was prepared by adding few grains of sodium dithionite. To
avoid dithionite excess, small amounts of a stock solution of
reduced cyt c were added to a cyt c oxidized solution. Ab-
sorbance was followed at 550 nm to obtain 95% absorbance
of the reduced cyt c stock solution. The reaction was per-
formed in microplates at 25 ◦C in the presence of an initial
cyt c concentration of 60 µM. The decrease in absorbance was
followed at 550 nm for 10 min and all assays were run in tripli-
cate. Activities were calculated using an extinction coefficient
of 19.6 mmol L−1 cm−1 for cyt c (in µmol cyt c transformed
min−1), UCCO: µmol cytochrome c reduced min−1, first order
reaction.
2.5 Protein concentration
Aliquots of 20 µl of mitochondrial preparations were sus-
pended in the reaction buffer without BSA and centrifuged for
10 min at 12 000× g at 4 ◦C. The supernatant was discarded
and the pellet re-suspended, washed and centrifuged two times
again to remove the BSA. Pellets were maintained in 0.5 ml
of ultra-pure water and frozen at −80 ◦C until protein analy-
sis. The protein concentration was determined with the RC DC
Protein Assay Kit (BIORAD) using BSA as standard.
2.6 Statistical analysis
MANOVA followed by post hoc Fisher’s least significant
difference (LSD) test was performed to compare oxygen up-















































































































Fig. 2. Oxidative phosphorylation (state 3), non-phosphorylating oxy-
gen consumption (state 4) and oligomycin-inhibited state 4 (state
4oligo) with glutamate (A) or succinate (B) on mitochondria isolated
from gills of oysters sampled after 4 h of emersion or after 8 h of
immersion. Assay temperature was 10 ◦C. Values are mean ± SE
(n = 9 pools of 5 oysters for emersion and n = 6 pools of 5 oysters for
immersion). (⋆): Star indicates values that differ between conditions
(p < 0.05).
and IV (factor 1) between oysters sampled during emersion
or immersion (factor 2). Non-parametric Mann-Whitney test
was performed on other parameters (oxygen consumption, en-
zymatic activities and ATP production). Significant threshold
was p < 0.05. All analyses were performed with the Statgraph-
ics software, version Plus 5.1. (Manugistics Inc, Dallas, USA).
3 Results
3.1 Mitochondrial oxidative capacities
Maximal state 3 respiration of oyster gill mitochondria fu-
elled with glutamate was not different from state 3 with succi-
nate (p = 0.083 and 0.411 for oysters sampled during emer-
sion and during immersion, respectively) (Fig. 2). However,
non-phosphorylating rates (state 4) were significantly higher
with succinate for substrate when compared to rates obtained
with glutamate (p < 0.05). Respiratory control ratio and
ADP/O ratio were significantly higher with glutamate as sub-
strate compared to succinate (p < 0.05, Table 1). RCR is in-
dicative of the degree of mitochondrial coupling. The signifi-
cantly lower RCR obtained with succinate as substrate would
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Table 1. Respiratory control ratio (RCR) and oxidative phosphory-
lation efficiency (ADP/O) with glutamate or succinate used as sub-
strate for isolated mitochondria from gills of oysters sampled after
4 h of emersion or after 8 h of immersion. Values are mean ± SE
(n = 9 pools of 5 oysters for emersion and n = 6 pools of 5 oysters
for immersion).
Ratio Emersion ImmersionMean 	 Mean 	
RCR glutamate 5.9 0.2 5.1 0.4 NS
RCR succinate 4.4 0.4 4.0 0.2 NS
ADP/O glutamate 1.4 0.0 1.5 0.1 NS
ADP/O succinate 1.1 0.0 1.2 0.1 NS
NS: no significant difference
indicate that succinate metabolism is less coupled. This was
confirmed by a lower ADP/O ratio with succinate (Table 1).
Nevertheless, RCR > 5.1 for glutamate and >4.0 for succi-
nate indicated mitochondrial preparations with tightly coupled
mitochondria. Maximal state 3 rates and state 4 rates of glu-
tamate and succinate oxidation were not affected by air expo-
sure (Fig. 2). State 4-respiratory rate after adding oligomycin
(State 4oligo) was significantly higher in oysters sampled dur-
ing immersion than in those collected during emersion when
glutamate was used as substrate but not with succinate. RCR
and ADP/O were not modified (Table 1).
3.2 Mitochondrial maximal electron flux
Oxygen consumption related to maximal electron flux
through complexes I-IV, II-IV and IV were similar between
emersion and immersion conditions. However, oxygen con-
sumption due to maximal electron flux through complexes I-
IV, II-IV and IV were different (Fig. 3). After adding CCCP,
maximal electron flux through complexes II-IV led to a signif-
icantly higher oxygen consumption rate, as compared to flux
through complexes I-IV (p < 0.05). Maximal electron flux
through complex IV measured with ascorbate + TMPD led
to two and three times higher oxygen consumption as com-
pared to flux through complexes II-IV and I-IV, respectively
(p < 0.05).
3.3 Cytochrome c oxidase activity
CCO activity in mitochondrial suspension, expressed in
U mg−1 mitochondrial protein, was not different between
emersion and immersion conditions (Table 2, mean value
0.36 ± 0.02).
3.4 ATP production
Total ATP production rate, ATP production rate related to
FoF1-ATP synthase and non- FoF1-ATP synthase related ATP
production rate (in nmol min−1 mg−1 mitochondrial proteins)
were significantly higher in oysters sampled during immer-
sion as compared to oysters sampled during emersion (45%,
Fig. 3. Oxygen uptake related to electron flux through complexes
I-IV, II-IV and IV of isolated mitochondria from gills of oysters sam-
pled after 4 h of emersion or after 8 h of immersion. Assay temper-
ature was 10 ◦C. Values are mean ±SE (n = 9 pools of 5 oysters
for emersion and n = 6 pools of 5 oysters for immersion). Different
superscript letters indicate values that differ between flux. Maximal
flux through complexes of the ETC did not differ statistically between
groups (p < 0.05).
Table 2. Cytochrome c oxidase (CCO) activity expressed in U per
mg of mitochondrial proteins, of isolated mitochondria from gills of
oysters sampled after 4 h of emersion or after 8 h of immersion. As-
say temperature was 25 ◦C. Values are mean ± SE (n = 9 pools of
5 oysters for emersion and n = 6 pools of 5 oysters for immersion).
Emersion Immersion
Mean 	 Mean 	
CCO activity 0.35 0.02 0.38 0.04 NS
NS: no significant difference.
52%, and 39% higher, respectively) (p < 0.05, Fig. 4). ATP
produced by other mechanisms than FoF1-ATP synthase (non-
FoF1-ATP synthase related ATP production) accounted for
about 50% of total ATP production rates in gills mitochon-
drial preparations of oysters sampled during emersion and
immersion.
4 Discussion
Functional capacities of gill mitochondria from C. gigas
were compared between oysters sampled after emersion and
immersion periods, at a natural tidal time scale. Although mi-
tochondrial capacities measured at the different levels of or-
ganisation (oxidative capacities, flux through ETC complexes
and CCO activity) appeared to be maintained between emer-
sion and immersion conditions, a significant impact on ATP
production capacities of mitochondria was observed.
Although dissolved oxygen availability likely change
between immersion and emersion, oxygen consumption in
phosphorylating and non-phosphorylating states (state 3 and
4, respectively) were similar after immersion and emersion re-
gardless of the substrate used (glutamate or succinate). Only






































Fig. 4. ATP production rate of mitochondria isolated from gills of oys-
ters sampled after 4 h of emersion or after 8 h of immersion. Rates
are expressed as nmol min−1 mg−1 mitochondrial proteins, and de-
termined with succinate 20 mM, ADP 0.6 mM, and with or without
malonate 10 mM. Assay temperature was 25 ◦C. Values are mean
±SE (n = 6 pools of 5 oysters). (*) Stars indicate values that differ
between conditions (p < 0.05). ATP production of samples incubated
with malonate should correspond to ATP produced by other mecha-
nisms than FoF1-ATP synthase (Other ATP-producing systems). ATP
produced by FoF1-ATP synthase was evaluated as the difference be-
tween total ATP production and other ATP-producing systems (see
materials and methods).
state 4oligo with glutamate as substrate was lower in oysters
sampled after emersion compared to their counterparts sam-
pled during immersion.
That mitochondrial properties and capacities were main-
tained for oysters following emersion strongly suggests that
emersion does not involve mitochondrial functional responses
to a drop of oxygen. The present results contrast with those
obtained when oysters are immersed in seawater at 20% oxy-
gen saturation, which induce rapid and significant modifica-
tions (only after 3 h hypoxia) of functional properties of mi-
tochondria in the Pacific oyster (Sussarellu et al. 2013). One
explanation could come from the air-gaping activity of C. gi-
gas when emersed (Rafrafi and Uglow 2009). This behavior
possibly maintains oxygen partial pressure (pO2) of seawater
in the pallial cavity (Rafrafi and Uglow 2009). This may be
sufficient to avoid the onset of down regulation of mitochon-
drial capacity in oysters during emersion within a tidal cycle
in its environment.
Maintenance of oxidative capacities after emersion may re-
flect regulatory mechanisms between ETC complexes or other
systems that could buffer changes in individual protein activ-
ities. Thereby, regulations at the level of individual enzymes
of the ETC were explored by measuring flux through the dif-
ferent ETC complexes. Use of CCCP permitted to evaluate
capacity of electrons flux through ETC complexes uncoupled
to ATP production by FoF1-ATP synthase (Oellermann et al.
2012; Ivanina et al. 2012). Oxygen consumption fueled by
glutamate therefore represents ETC maximal flux from com-
plexes I to IV. Rotenone blocks complex I, with succinate de-
hydrogenase providing FADH2 to complex II, so that succinate
oxidation represents flux from complexes II to IV. With com-
plex II inhibited by malonate, TMPD donates electrons to cy-
tochrome c, so TMPD oxidation represents flux through com-
plex IV (cytochrome c oxidase). In oyster gill mitochondria,
flux through complex IV alone was two to three times higher
than flux through the entire ETC. This apparent excess capac-
ity over mitochondrial state 3 respiration rate would reflect
that in gills mitochondria of oysters complex IV is typically
present at much higher levels in the inner mitochondrial mem-
brane than either complex I or II (Blier and Lemieux 2001;
Pichaud et al. 2012; Muleme et al. 2006; Sussarellu et al.
2013). This excess catalytic capacity of CCO would be re-
quired to ensure an efficient thermodynamic gradient and free
access of electrons to the ETC (Blier and Lemieux 2001). Nev-
ertheless, no change between emersion and immersion condi-
tions was observed for maximal electron flux through com-
plexes I-IV, II-IV or through complex IV. The latter finding
was also confirmed by the measurements of CCO activity by
spectrophotometry. This suggests that oyster mitochondria un-
dergo no functional alteration after short-term emersion typ-
ical for the middle intertidal zone and that no signal of hy-
poxia/anoxia occurs in the ETC of oysters during these periods
of emersion in the field.
Contrastingly, total ATP production rate was found to be
31% lower in mitochondrial preparations of oysters sampled
after emersion as compared to those sampled after immersion.
Decrease of ATP level in bivalves exposed to air was previ-
ously reported (Wijsman 1976; Widdows et al. 1979; Nicchitta
and Ellington 1983; Sukhotin and Pörtner 1999), including C.
gigas in a similar experiment (Moal et al. 1989). The latter
study interpreted these results as an interruption of feeding
processes and a reduction of oxidative phosphorylation dur-
ing emersion time. Interestingly, the proportion of ATP pro-
duced by FoF1-ATP synthase represents only around 50% of
the total ATP produced. This suggests that half of the ATP pro-
duction seemingly came from other ATP-producing systems,
although mitochondria are generally considered as the major
aerobic ATP producers. The phosphorylation subsystems to
ATP production in oyster gill mitochondria preparations are
still unresolved. One possibility would be the presence of an
active adenylate kinase (AK) that can catalyse the reversible
conversion of 2 molecules of ADP in 1 molecule of ATP and
1 molecule of AMP. In isolated mitochondria from plants, it
has been shown that ATP production due to mitochondrial AK
activity can represent two to four times the maximum activity
of FoF1-ATP synthase (Roberts et al. 1997). ATP production
rate related to FoF1-ATP synthase activity was significantly
affected by emersion (–28% as compared to values of oys-
ters sampled after immersion). Regulation of ATP synthesis
related to mitochondrial respiration still remains incompletely
described in marine bivalves. It should be stressed that ATP
production could be underestimated due to the potential ATP
hydrolysis by ATPases in mitochondrial preparations. It is not
excluded that Na+, K+-ATPase or other non-mitochondrial AT-
Pases were present in our mitochondrial preparations, even
if it has been shown that these enzymes have a very low
activity in similar preparations from rat kidney or rat brain
(Malis and Bonventre 1986; Zheng and Ramirez 1999). Non-
mitochondrial ATPases can be inactivated by EDTA (Rustin
et al. 1994), but we chose not to add this product in the re-
action buffer as our preliminary results showed an uncoupling
of mitochondrial respiration in response to EDTA. Moreover,
FoF1-ATP synthase can also display a bifunctional rotating
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molecular mechanism capable of re-energizing the membrane
by ATP hydrolysis (Nesci et al. 2012). A small part of ATP hy-
drolysis could be due to this ATPase activity and proton con-
ductance as we observed that oligomycin inhibited state 4 res-
piration rate by about 50% (Hinkle et al. 1991).
The present results indicate that an adjustment of mi-
tochondrial ATP synthesis may be due to the inhibition of
FoF1-ATP synthase and/or reduced ADP transport into the
mitochondria during emersion rather than changes in the ac-
tivity or coupling of the ETC. Indeed, ADP-stimulated respi-
ration, phosphorylation efficiency (estimated through ADP/O)
and flux through ETC complexes were not changed in oysters
in response to emersion.
5 Conclusion
This study has revealed a high stability of mitochondrial
oxidative capacities in the oyster gills between emersion and
immersion, suggesting that oysters preserve mitochondrial ca-
pacities during tidal air exposure. This contrasts with the sharp
responses of gill mitochondria to immersed hypoxia. Main-
taining the capacity of substrate oxidation during emersion-
immersion at a tidal cycle scale could be a means for oysters to
preserve aerobic capacity and protect mitochondrial integrity.
However, the decrease in ATP production in oysters during
emersion showed that air exposure has an influence on energy
production by decreasing the activity of ATP-producing sys-
tems. Although no data are currently available about the effects
of emersion on the ATP turnover rates in bivalve mitochondria,
present data suggest that onset of metabolic rate depression can
occur on a short-time scale of emersion in response to lower
oxygen availability. The mechanisms involved in the regula-
tion of mitochondrial ATP production during the tidal cycle
remain unclear and need further studies.
Acknowledgements. We wish to thank Doriane Combot for helping
in analysis. Tony Dudognon fellowship was founded by the French
Research Ministry. Funding for the experiment was provided by the
project in Europole Mer (research consortium on marine science and
technology in Brittany, France): LIPIDOMITO.
References
Allen S.M., Burnett L.E., 2008, The effects of intertidal air exposure
on the respiratory physiology and the killing activity of hemo-
cytes in the pacific oyster, Crassostrea gigas (Thunberg). J. Exp.
Mar. Biol. Ecol. 357, 165–171.
Almeida E.A., Bainy A.C.D., Dafre A.L., Gomes O.F., Medeiros
M.H.G., Di Mascio P., 2005, Oxidative stress in digestive gland
and gill of the brown mussel (Perna perna) exposed to air and
re-submersed. J. Exp. Mar. Biol. Ecol. 318, 21–30.
Blier P.U., Lemieux H., 2001, The impact of the thermal sensitivity of
cytochrome c oxidase on the respiration rate of Arctic charr red
muscle mitochondria. J. Comp. Physiol. B 171, 247–253.
Bouchard P., Guderley H., 2003, Time course of the response of mi-
tochondria from oxidative muscle during thermal acclimation of
rainbow trout, Oncorhynchus mykiss. J. Exp. Biol. 206, 3455-
3465.
Burcham J.M., Paynter K.T., Bishop S., 1983, Coupled mitochondria
from oyster gill tissue. Mar. Biol. Lett. 4, 349-356.
Coleman N., 1973, The oxygen consumption of Mytilus edulis in air.
Comp. Biochem. Physiol. A 45, 393–402.
Estabrook R.W., 1967, Mitochondrial respiratory control and the po-
larographic measurement of ADP: O ratios. In: Estabrook R.W.,
Pullman M.E. (Eds) Oxidation and phosphorylation, New York,
Academic Press, pp. 41–47.
Grieshaber M., Hardewig I., Kreutzer U., Pörtner H.O., 1994,
Physiological and metabolic responses to hypoxia in inverte-
brates. Rev. Physiol. Biochem. Pharmacol. 125, 43–147.
Hinkle P.C., Kumar M.A., Resetar A., Harris D.L., 1991,
Mechanistic stoichiometry of mitochondrial oxidative phospho-
rylation. Biochemistry 30, 3576–3582.
Huang S.C., Newell R.I.E., 2002, Seasonal variations in the rates of
aquatic and aerial respiration and ammonium excretion of the
ribbed mussel, Geukensia demissa (Dillwyn). J. Exp. Mar. Biol.
Ecol. 270, 241–255.
Ivanina A.V., Eilers S., Kurochkin I.O., Chung J.S., Techa S.,
Piontkivska H., Sokolov E.P., Sokolova I.M., 2010a, Effects
of cadmium exposure and intermittent anoxia on nitric oxide
metabolism in eastern oysters, Crassostrea virginica. J. Exp.
Biol. 213, 433–444.
Ivanina A.V., Kurochkin I.O., Leamy L., Sokolova I.M., 2012, Effects
of temperature and cadmium exposure on the mitochondria of
oysters (Crassostrea virginica) exposed to hypoxia and subse-
quent reoxygenation. J. Exp. Biol. 215, 3142–3154.
Ivanina A.V., Sokolov E.P., Sokolova I.M., 2010b, Effects of cad-
mium on anaerobic energy metabolism and mRNA expres-
sion during air exposure and recovery of an intertidal mollusk
Crassostrea virginica. Aquat. Toxicol. 99, 330–342.
Kraffe E., Tremblay R., Belvin S., LeCoz J.R., Marty Y., Guderley H.,
2008, Effect of reproduction on escape responses, metabolic rates
and muscle mitochondrial properties in the scallop Placopecten
magellanicus. Mar. Biol. 156, 25–38.
Kurochkin I.O., Ivanina A.V., Eilers S., Downs C.A., May L.A.,
Sokolova I.M., 2009, Cadmium affects metabolic responses
to prolonged anoxia and reoxygenation in eastern oysters
(Crassostrea virginica). Am. J. Physiol. Regul. Integrat. Comp.
I 297, 1262–1272.
Le Moullac G., Bacca H., Huvet A., Moal J., Pouvreau S., Van
Wormhoudt A., 2007, Transcriptional regulation of pyruvate ki-
nase and phosphoenolpyruvate carboxykinase in the adductor
muscle of the oyster Crassostrea gigas during prolonged hy-
poxia. J. Exp. Zool. A 307, 371–382.
Lent C.M., 1968, Air-gaping by the ribbed mussel, Modiolus demis-
sus (Dillwyn): effects and adaptive significance. Biol. Bull. 134,
60–73.
Malis C.D., Bonventre J.V., 1986, Mechanism of calcium potentiation
of oxygen free radical injury to renal mitochondria. A model for
post-ischemic and toxic mitochondrial damage. J. Biol. Chem.
261, 14201–14208.
Martin N., Bureau D.P., Marty Y., Kraffe E., Guderley H., 2012,
Dietary lipid quality and mitochondrial membrane composition
in trout: responses of membrane enzymes and oxidative capaci-
ties. J. Comp. Physiol. B 183, 393-408.
Michaelidis B., Haas D., Grieshaber M.K., 2005, Extracellular and in-
tracellular acid-base status with regard to the energy metabolism
in the oyster Crassostrea gigas during exposure to air. Physiol.
Biochem. Zool. 78, 373–383.
Mingoa-licuanan S.S., 1993, Oxygen consumption and ammonia ex-
cretion in juvenile Tridacna gigas (Linne, 1758): effects of emer-
sion. J. Exp. Mar. Biol. Ecol. 171, 119–137.
256 T. Dudognon et al.: Aquat. Living Resour. 26, 249–256 (2013)
Moal J., Samain J.F., Le Coz J.R., Daniel J.Y., 1989, Responses and
adaptations of the adenylate energy charge and digestive enzyme
activities to tidal emersion of Crassostrea gigas populations in
Marennes-Oléron Bay. Sci. Mar. 53, 699–704.
Muleme H.M., Walpole A.C., Staples J.F., 2006, Mitochondrial
metabolism in hibernation: metabolic suppression, temperature
effects, and substrate preferences. Physiol. Biochem. Zool. 79,
474–483.
Nesci S., Ventrella V., Trombetti F., Pirini M., Pagliarani A.,
2012, Tributyltin-driven enhancement of the DCCD insensitive
Mg-ATPase activity in mussel digestive gland mitochondria.
Biochimie 94, 727–733.
Newell R.C., 1979, Biology of intertidal animals. 3rd edn., Faversham,
Marine Ecological Surveys.
Nicchitta C.V., Ellington W.R., 1983, Energy metabolism during air
exposure and recovery in the high intertidal bivalve mollusc
Geukensia demissa granosissima and the subtidal bivalve mol-
lusc Modiolus squamosus. Biol. Bull. 165, 708–722.
Oellermann M., Pörtner H.O., Mark F.C., 2012, Mitochondrial dy-
namics underlying thermal plasticity of cuttlefish (Sepia offici-
nalis) hearts. J. Exp. Biol. 215, 2992–3000.
Pampanin D.M., Ballarin L., Carotenuto L., Marin M.G., 2002, Air
exposure and functionality of Chamelea gallina haemocytes: ef-
fects on haematocrit, adhesion, phagocytosis and enzyme con-
tents. Comp. Biochem. Physiol. A 131, 605–614.
Pichaud N., Rioux P., Blier P.U., 2012, In situ quantification of mito-
chondrial respiration in permeabilized fibers of a marine inverte-
brate with low aerobic capacity. Comp. Biochem. Physiol. A 161,
429–435.
Piontkivska H., Chung J.S., Ivanina A.V., Sokolov E.P., Techa S.,
Sokolova I.M., 2011, Molecular characterization and mRNA
expression of two key enzymes of hypoxia-sensing pathways
in eastern oysters Crassostrea virginica (Gmelin): hypoxia-
inducible factor α (HIF-α) and HIF-prolyl hydroxylase (PHD).
Comp. Biochem. Physiol. D 6, 103–114.
Rafrafi S., Uglow R.F., 2009, Nitrogenous compounds changes in
emersed oysters: Crassostrea gigas. Estuar. Coast. Shelf. Sci. 81,
210–214.
Roberts J., Aubert S., Gout E., Bligny R., Douce R., 1997,
Cooperation and competition between adenylate kinase, nucle-
oside diphosphokinase, electron transport, and ATP synthase in
plant mitochondria studied by 31P-nuclear magnetic resonance.
Plant. Physiol. 113, 191–199.
Rustin P., Chretien D., Bourgeron T., Gérard B., Rötig A., Saudubray
J.M., Munnich A., 1994, Biochemical and molecular investiga-
tions in respiratory chain deficiencies. Clin. Chim. Acta 228, 35–
51.
Shick J.M., Widdows J., Gnaiger E., 1988, Calorimetric studies of
behavior, metabolism and energetics of sessile intertidal animals.
Am. Zool. 28, 161–181.
Sokolova I.M., Ringwood A.H., Johnson C., 2005, Tissue-specific
accumulation of cadmium in subcellular compartments of east-
ern oysters Crassostrea virginica Gmelin (Bivalvia: Ostreidae).
Aquat. Toxicol. 74, 218–228.
Sukhotin A.A., Pörtner H.O., 1999, Habitat as a factor involved in the
physiological response to environmental anaerobiosis of White
Sea Mytilus edulis. Mar. Ecol. Prog. Ser. 184, 149–160.
Sussarellu R., Dudognon T., Fabioux C., Soudant P., Moraga D.,
Kraffe E., 2013, Rapid mitochondrial adjustments in response
to short-term hypoxia and re-oxygenation in the Pacific oyster
Crassostrea gigas. J. Exp. Biol. 216, 1561-1569.
Widdows J., Bayne B.L., Livingstone D.R., Newell R.I.E., Donkin P.,
1979, Physiological and biochemical responses of bivalve mol-
luscs to exposure to air. Comp. Biochem. Physiol. A 62, 301–308.
Wijsman T.C.M., 1976, Adenosine phosphates and energy charge in
different tissues Mytilus edulis L. under aerobic and anaerobic
conditions. J. Comp. Physiol. B 107, 129–140.
Zhang Z., Li X., Vandepeer M., Zhao W., 2006, Effects of water tem-
perature and air exposure on the lysosomal membrane stability
of hemocytes in Pacific oysters, Crassostrea gigas (Thunberg).
Aquaculture 256, 502–509.
Zheng J., Ramirez V.D., 1999, Rapid inhibition of rat brain mitochon-
drial proton FoF1-ATPase activity by estrogens: comparison with
Na+, K+-ATPase of porcine cortex. Eur. J. Pharmacol. 368, 95–
102.
